The main aim of the scientific research was to study the ion-exchange processes in the treatment of industrial wastewaters containing a high concentration of heavy metal ions (Cu 2+ , Zn 2 + , Ni 2+ ). The sorption results of heavy metal mixtures (Cu-Zn, Cu-Ni) from model solutions of sulfate salts on a strong-acid KU-2-8 cation exchanger in the H + -form were presented. The metals concentration was 10-50 meq/dm 3 . The efficiency conditions of cation regeneration in Cu 2+ -Zn 2+ , Cu 2+ -Ni 2+ -forms by 5, 8 and 10 % sulfuric acid solutions were studied. It was shown that the heavy metals from aqueous media can be removed not only from ion exchangers, but can also be restored from regenerative solutions by electrolysis to obtain metals in pure form. In general, the research results showed that the use of ion exchange is very effective in removing the heavy metal ions. The sorption efficiency and regeneration efficiency was about 100%.
INTRODUCTION
Heavy metals are some of the most dangerous pollutants in the hydrosphere, which are formed during the human activity process. Infiltrating into reservoirs, they can be accumulated in living organisms and form toxic compounds, while migrating in the ecosystem through supply chains. The level of heavy metal pollution has increased sharply for the last 50 years as a result of the exponential increase in the application of heavy metals in industrial processes [Pawan 2012 ].
The main sources of contributing to the release of heavy metals into the environment are non-ferrous metallurgy, day and varnish industries, machine industry, galvanic production, battery and glass manufacturing, plants chemical processing, phosphorus fertilizers, etc [Dolina 2008.] . The industrial sewage is polluted with heavy metal salts, acids and alkalis, formed during processing and details washing [Carstea et al. 2016 ]. Therefore, removal of heavy metal ions from industrial waste through treatment is very relevant for Ukraine and other countries in the world. This issue can be solved by introducing low-cost technologies for extracting valuable metals from industrial wastewater [Koliehova et al. 2018 ].
There are many methods for extracting heavy metals from sewage, but they all have both ad- The most prospective methods for extracting heavy metal ions from sewage of different sources are ion exchange [Malovanyy et al. 2019 ] and electrolysis which allow organizing closed (nonstop) water-use cycles and provide creation of low-waste processes for the processing of waste regenerative solutions [Verbych et al. 2005 ].
In the following works , the authors studied the ion exchange properties of cation exchangers, showed high sorption and desorption efficiency of heavy metals from solutions.
The following paper [Markov et al. 2010] shows that strong-acid КU-2-8 cation exchanger has a high sorption rate of copper ions and is effective for purification of industrial effluents to the level of permissible concentrations of the discharges.
Therefore, strong-acid KU-2-8 cation exchanger in the H + -form with highly selective characteristics for heavy metal cations and resistant to acid and alkaline media was selected for the study on the sorption and desorption of heavy metals.
MATERIAL AND METHODS
This work is devoted to studying the processes of the simultaneous removal of Cu 2+ -Zn 2+ and Cu 2+ -Ni 2+ ions from the washing waters of galvanic plants by means of ion exchange under dynamic conditions.
The ion-exchange processes constituting the object of the research were model solutions of highly mineralized sewage containing heavy metal ions. The strong-acid KU-2-8 cation exchanger was used in the H + -form to study the sorption and desorption processes. The ion exchanger of 20 cm 3 volume was placed in a burette ( Fig. 1 ) with 2 cm diameter. The solution consumption during the sorption was 10-15 cm 3 /min and the regeneration -2-5 cm 3 /min.
As model solutions, mixtures of copper sulfate, zinc sulfate and nickel sulfate were dissolved in distilled water. The sorption and desorption were carried out with a mixture of two metal ions: Cu 2+ -Zn 2+ -10, 20, 50 meq/dm 3 and Cu 2+ -Ni 2+ -10, 20, 50 meq/dm 3 . The 100-500 cm 3 volume samples were selected during the sorption and analyzed for copper content with the spectrophotometry method [Lure 1989 ], for zinc and nickel with the trilonometry method, considering the copper concentration [Lure 1989 ]. In addition, the pH and acidity were monitored in the solutions.
The exchange of the ions during the sorption which occurred on the ion exchange resin can be described by the equation:
where: R is the ion exchanger matrix; Cu 2+ , Zn 2+ , Ni 2+ correspond to the heavy metal ions in the model solutions.
The total exchange dynamic capacitance of the sorbed metals was calculated according to the formula, meq/dm 3 :
where: С initial is the initial metal ions concentration in the solution, meq/dm 3 ; С і is the metal ions concentration in the i-th sample, meq/dm 3 ; V s is the volume of sample, cm 3 ; V і is the volume of cationite, cm 3 ; n is the number of samples taken.
Regeneration of the ionite exchanger was carried out by 5, 8 and 10 % sulfuric acid in the ion exchange column (Fig. 1 ). The sample volume amounted to 20-50 cm 3 . The concentration of heavy metal ions, acidity, alkalinity and pH of the medium were also controlled in the samples. The reactions that occurred during the desorption of metals can be described by:
R2Zn + H2SO4 ↔ 2RH + ZnSO4 (6) Figure 1 . Column for ion exchange water treatment R2Ni + H2SO4 ↔ 2RH + NiSO4 (7) The desorption degree was calculated as the ratio of the mass of the desorbed and sorbed metal ions by means of the formula, %:
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• 100 (8) where: m i.desorb. , m sorb.. are the number of the desorbed metal ions from the i-th sample of the regeneration solution and the sorbed ions on the ionite, meq/dm 3 .
RESULTS AND DISCUSSION
It is known that strong-acid KU-2-8 cation exchanger has a high capacity for heavy metal cations and resistance to both acidic and alkaline media, has regenerative properties, which allow the exchanger to be used numerously [Olshanova et al. 1970 ].
The results of the sorption of copper, zinc and nickel ions from model copper and zinc sulfate solutions and copper and nickel sulfate solutions at the cation exchanger resin under dynamic conditions are represented in fig. 2, 3, and 4 .
During the research (Fig. 2) , the capacity of ionite reaches about 2050 meq/dm 3 in the passage of 0.01 n solutions and the sorption of metals has almost the same selectivity for separately measured concentrations. The acidity of the solutions decreased and the pH increased, as the cation exchanger was depleted. Before the breakthrough of the heavy metal ions in the analyzed solution, 3 dm 3 of the model solutions were passed, and before full saturation of the ionite, it was necessary to pass about 4.5-4.75 dm 3 .
The sorption of Cu 2+ -Zn 2+ and Cu 2+ -Ni 2+ from 0.02 and 0.05 n sulfate solutions of copper and zinc, copper and nickel is shown in Fig. 3 and in Fig. 4 . The graphs show that the acidity decreased along with the ionite capacity. The breakdown of the copper, zinc and nickel ions occurs only after passing 1.5 dm 3 (Fig. 3) and 0.5 dm 3 of the model solutions (Fig. 4) . The complete saturation of KU-2-8 cation exchanger took place after passing 3 dm 3 (Fig. 3 ) and 1.4 dm 3 (Fig. 4) of the model solutions.
The results demonstrate that the capacity of ionite increases slightly along with the concentration of metals in the solutions. In general, the sorption of the mixture of metals (copper and zinc, copper and nickel) was quite effective.
While comparing the results of other scientists [Homelia et al. 2017; Malin et al. 2016 ] who carried out sorption and desorption of metal ions on KU-2-8 cation exchanger in the H + -and Na +forms, we can say that the ion exchange process occurs quite effectively both from dilute solutions and from the concentrated model solutions containing heavy metal ions.
In order to evaluate the efficiency of ion-exchange water treatment from heavy metals, it is necessary to take into account not only the sorption capacity, but also the degree of regenerating cation exchangers. Therefore, after studying the sorption of heavy metals on the cation exchanger, regeneration by sulfuric acid was conducted.
The results of the regeneration of the ion exchanger in the Cu 2+ -Zn 2+ and Cu 2+ -Ni 2+ -forms are shown in Fig. 5, 6 and 7 . The regeneration of the ion exchanger by 5, 8 and 10 % sulfuric acid was quite effective. The concentration of heavy metal ions during the regeneration decreased from about 600 meq/dm 3 to 0.1 meq/dm 3 , and the acidity increased from about 300 meq/dm 3 to 1000 meq/dm 3 (Fig. 5 ). During the ionite regeneration by 8 % H 2 SO 4 , the concentration of the Cu 2+ -Zn 2+ and Cu 2+ -Ni 2+ ions decreased from 800 meq/dm 3 to 0.01 meq/dm 3 . The acidity increased to 1560-1620 meq/dm 3 (Fig. 6 ) respectively.
Complete ionite regeneration was achieved by using 10% sulfuric acid ( Fig. 7) when 400-440 cm 3 of acid has passed. The concentration of metals decreased from about 835 to 0 meq/dm 3 and the acidity increased from 600 to 2000 meq/dm 3 .
In general, with the use of 5, 8 and 10% sulfuric acid, the degree of heavy metals desorption from the cationite was at 96 ... 100%. Regeneration was most effective at the ratio of the passed volume of 10% H 2 SO 4 acid. The metal mixer extraction on the cation exchanger showed that the metals are being removed not worse than during sorption and desorption of one type of cations.
After obtaining the regenerative solutions of metal mixtures, it is advisable to carry out electrolysis of these solutions, which is the next step in treatment of the wastewater contaminated with heavy metal ions. Thus, it is possible to realize a non-waste process of metal extraction during the ion exchange from water [Koliehova et al. 2018 ].
CONCLUSIONS
The sorption processes of heavy metal mixtures (copper-zinc, copper-nickel) on strong-acid KU-2-8 cation exchanger in the H + -form were studied. It was determined that the sorption of the two metals mixture on the cation exchanger is effective and the selectivity of this cation exchanger is almost identical to these metals.
The desorption results of the metal mixtures by means of 5, 8 and 10% sulfuric acid on KU-2-8 cation exchanger in the Cu 2+ , Zn 2+ and Ni 2+ -forms are showed that the regeneration is almost 100%.
It was established that after the sorption and desorption of the heavy metals on the cation exchanger, it is expedient to conduct electrolysis of these metals, which will enable the creation of closed systems for treatment of the wastewater contaminated by heavy metals. 
